The article presents the method of synthesis and analysis of the brushless motor with claw-poles. The motor is designed for the pilger mill drive for manufacturing seamless tubes. The peculiarity of the drive is that electric machines of this class for high power have not yet been used in world practice. In this regard, a very thorough analysis of the designed motor is required to remove technical risks in the manufacture of prototypes. For design of this motor the synthesis system and the analysis system were developed. The synthesis system is developed on the basis of nonlinear programming methods. For the analysis, it is proposed to use the program Ansys Electronics Desktop, which implements the finite element method. The peculiarity of using this program is the need to use large computer resources. Herewith, the calculation time of the main characteristics is often not acceptable for practical calculations and takes several hours. The authors propose a simplification of the computational model without significantly reducing the accuracy of the calculation. The brushless motor with claw-poles is replaced by a brushless motor with tangential magnets. The stator designs and the magnetic fluxes of the motors are the same. The effectiveness of such a replacement is shown in the real project. Calculation time with acceptable quality is reduced to a few minutes. This approach is recommended for the creation of design systems of other types of brushless machines. This scientific research was carried out for a real customer.
Introduction
Production of reliable large diameter pipes is an important task for enterprises that supply oil and gas complex. One of the variants for this solution can be the production of seamless pipes using pilgrim mill technology. Currently, there are about 100 such manufacturers in the world.
A pilgrim mill drive for producing seamless tubes runs in Chelyabinsk Pipe Rolling Plant (Russia) with 1928. As a drive motor for the mill, collector DC motor GM 900/100 company Siemens is used with the following main parameters: rated output power 2.75 MW, rated voltage 6 kV DC, rated speed 35 rpm. The motor rotates a flywheel with a diameter of 9 m with a large inertial mass of 120 tons.
Many years of operation of the electric motor led to its physical wear and obsolescence. The electric motor has a number of technical problems that threaten its further reliable operation. So, on the Machines 2019, 7, 65 2 of 11 motor shaft from shock loads appeared micro cracks, which can lead to the destruction of the shaft. Currently, the question of replacing the existing motor with a more modern version is acute.
One of the variants for this replacement may be a brushless direct current motor (BLDCM) with permanent magnets. High-coercive permanent magnets create a powerful magnetic flux for improving energy parameters. However, using the motors of this type, which have large stator and rotor sizes, has one serious problem. Under the action of this flow there are large one-way magnetic forces between the stator and the rotor when assembling the motor. These efforts can be several tons. The rotor is attracted to the walls of the stator and assembly becomes almost impossible. The cost of special equipment for this assembly can exceed the cost of the motor by several times. For this reason, BLDCM of large diameter with permanent magnets practically do not applicate for these goals. Theoretically, it is possible to design tools for the assembly of such electric machines, but calculations show that the cost of these devices is ten times higher than the cost of the motor itself. The same problems arise when disassembling for routine maintenance and repair work.
The analysis of various designs of motors shows that the problem of assembly of electric motors of large dimensions with permanent magnets can be solved if you use a Claw-Pole Synchronous Machine (CPSM).
The design of CPSM inductor is shown in Figure 1 . Many years of operation of the electric motor led to its physical wear and obsolescence. The electric motor has a number of technical problems that threaten its further reliable operation. So, on the motor shaft from shock loads appeared micro cracks, which can lead to the destruction of the shaft. Currently, the question of replacing the existing motor with a more modern version is acute.
The design of CPSM inductor is shown in Figure 1 . This design has a great advantage. The inductor can be assembled directly in the electric machine itself in parts by the following technology [1]: 1. At the first stage, a shaft with a lower part of claws poles is inserted into the anchor. This part of the magnetic system at this stage of assembly is without magnets and will not be attracted to the walls of the anchor. 2. At the second stage of assembly, a permanent magnet is mounted in the inductor. Depending on the size, it can be glued together in separate parts, or it can be mounted entirely. 3. In the third stage, an upper part with claws poles is inserted into the inductor. Under the influence of electromagnetic forces of a permanent magnet, it must be drawn into the inductor. 4. At the last final stage, the mounting of the bearing shield completes the assembly.
This technology of assembling a brushless motor with claw-poles does not require expensive equipment and special devices.
CPSM of low and medium power are well studied [2, [3] [4] [5] [6] [7] [8] [9] , but the design of machines for several megawatts with an outside diameter about 6 m is unique for engineering practice. It is necessary to take into account the shock load, transients in the anchor chain, scattering flows in the magnetic system, reactive moments when developing motor.
The development of a design system for such machines is an important scientific and engineering problem.
Formulation of the Problem
The CPSM has a complex magnetic system. The leakage magnetic flux has a large value. The leakage magnetic flux can be several times greater than the useful magnetic flux if the size of the This design has a great advantage. The inductor can be assembled directly in the electric machine itself in parts by the following technology [1]:
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At the last final stage, the mounting of the bearing shield completes the assembly.
CPSM of low and medium power are well studied [2] [3] [4] [5] [6] [7] [8] [9] , but the design of machines for several megawatts with an outside diameter about 6 m is unique for engineering practice. It is necessary to take into account the shock load, transients in the anchor chain, scattering flows in the magnetic system, reactive moments when developing motor.
Formulation of the Problem
The CPSM has a complex magnetic system. The leakage magnetic flux has a large value. The leakage magnetic flux can be several times greater than the useful magnetic flux if the size of the Machines 2019, 7, 65 3 of 11 magnetic system is not correctly determined. This is unacceptable for powerful motors with large dimensions [10] [11] [12] [13] [14] [15] [16] .
To solve this problem, a design system was developed, which includes two parts: a system for the synthesis of optimal geometry and a system for the analysis of basic parameters and characteristics.
System of synthesis realizes optimization of the geometry of the BLDC motors using methods of nonlinear programming. It is described in detail in several articles [17] [18] [19] [20] [21] [22] [23] .
It is based on a simplified technique using equivalent circuits. This approach makes it possible to apply optimization methods with a large number of iterations. However, this technique has a number of limitations and assumptions, in which the error of calculation of the main characteristics reaches 10-15%. This leads to technical risks in the manufacture of prototypes.
To reduce these risks, the system provides a stage of analysis. The system of analysis is based on well-tested CAD systems using the finite element method. So, we have used well-known CAD systems, but we have adapted them to solve our task.
One of the powerful tools for the analysis of electrical machines of different classes is the software package Ansys Electronics Desktop. It contains a large number of well-developed techniques of standard electric machines. CPSM is included in this list. The software package allows the user to make a preliminary analysis machine in RMxprt mode. This mode makes calculations based on the equivalent circuit method. To do this, it is enough to fill in table forms with the geometry, materials and parameters of the nominal mode. This greatly facilitates the analysis of the machine.
The software package allows you to transform the task into a 2D model. The program does this automatically when you select Create Maxwell 2D Design mode, but it is not possible to transform the CPSM into a 2D model because the motor geometry does not have a flat symmetry.
Practice shows that this greatly complicates the task of analysis. Test calculations showed that with the use of the program Ansys Electronics Desktop for 3D models in the mode of solving the dynamic Transient problem, the expectation of the results of the calculation of the main characteristics is from 8 to 15 h. This is not acceptable when it comes to debugging a model. At the same time, practice has shown that for a flat two-dimensional model, the solution of such a problem for a BLDC is from 20 to 40 min.
To resolve this contradiction, it was decided to replace the real design of the CPSM to BLDC with equivalent energy characteristics. BLDC has a flat symmetry for analysis. The closest analogue was a brushless machine of the BLDC type with a tangential excitation system. This machine has a similar anchor. The design of the inductor is different, but there are no electrical and magnetic losses in the inductor, all electromagnetic energy conversion processes occur in the anchor. If we choose the magnetic flux of the CPSM machine to be the same as for the machine with claw poles, we get almost a twin machine with the same of the magnetic and electrical losses, induced electromotive force in phase windings, electromagnetic torque and other basic parameters.
This principle was incorporated into the software package for the design of CPSM at the stage of analysis, which is described below.
Description of Software for the Design of CPSM
The logical scheme of designing CPSM is presented in Figure 2 . The task of synthesis is realized at the first stage. According to the technical task of the customer the problem of multi-level optimization is solved. The synthesis program was developed by the authors on the basis of the substitution scheme technique. This stage determines the optimal geometry of the motor and winding data.
At the second stage, the program Ansys Electronics Desktop mode RMxprt analyzes the optimal motor using a model CPSM, which is incorporated into the base of the program. The data are taken from the first stage of calculation. They are passed to the program using scripts. In this case, the correctness of the solution of the optimization problem by the main parameters is checked. They are: efficiency, flux in the gap, losses, torque, and EMF in phases. If there is a mismatch of some parameter, the optimization model is adjusted with the repetition of the cycle. They are: efficiency, flux in the gap, losses, torque, and EMF in phases. If there is a mismatch of some parameter, the optimization model is adjusted with the repetition of the cycle. In the third stage, the real CPSM motor is replaced by a motor analog BLDC. To do this the data is transmitted from the model CPSM to the model BLDC with tangential magnets, while the internal diameter of the analog machine is selected so that the magnetic flux passing from the inductor to the anchor is equivalent. This provides the identity of all the characteristics of both machines. This stage is necessary to calculate the 2D magnetic field at the next step.
After this phase we use the capabilities of the Ansys Electronics Desktop. Software automatically transforms the task from mode to mode RMxprt Maxwell 2D Design. In this case, the analysis of the machine is based on the finite element method with the calculation of all parameters of the electromagnetic field. The calculation time at this stage is 20-40 min. If necessary, the model is adjusted.
At the final stage there is an analysis of the real 3D model of the motor with claw-poles CPSM. At this stage we already have all the optimal motor sizes and twin motor characteristics. We need to make sure for the last time that the problem is solved correctly. The model transforms from RMxprt mode to Maxwell 3D Design mode automatically. The analysis of the real model with the definition of all the necessary characteristics is defined on the finite element method. The analysis time is from 12 to 20 h, but this is acceptable since the problem is solved once. Thus, the system implements the following design steps: specification for CPSM → geometry optimization in a specially designed program for the CPSM → check results in RMxprt mode for the CPSM → check results in RMxprt mode for BLDC motor → check results in Maxwell 2D design mode for BLDC motor → check results in Maxwell 3D design mode for the CPSM.
Below are the results of this design system for CPSM with the following parameters 2.5 MW, 600 V, 40 RPM to drive the pilger mill. Figure 3 shows the results of the first stage (synthesis program). The program is written in the program language Delphi. It determines the optimal geometry of the machine according to the customer's specifications. In the third stage, the real CPSM motor is replaced by a motor analog BLDC. To do this the data is transmitted from the model CPSM to the model BLDC with tangential magnets, while the internal diameter of the analog machine is selected so that the magnetic flux passing from the inductor to the anchor is equivalent. This provides the identity of all the characteristics of both machines. This stage is necessary to calculate the 2D magnetic field at the next step.
Below are the results of this design system for CPSM with the following parameters 2.5 MW, 600 V, 40 RPM to drive the pilger mill. Figure 3 shows the results of the first stage (synthesis program). The program is written in the program language Delphi. It determines the optimal geometry of the machine according to the customer's specifications. Next, the results of the calculation of the optimal geometry and winding data are transmitted to the program Ansys Electronics Desktop using a pre-developed script. In this program, the calculated parameters are checked in RMxprt mode. The ANSYS software package has a proven methodology for analyzing this type of machine (CPSM). The results of the work at this stage are presented in Figure 4 . Next, the results of the calculation of the optimal geometry and winding data are transmitted to the program Ansys Electronics Desktop using a pre-developed script. In this program, the calculated parameters are checked in RMxprt mode. The ANSYS software package has a proven methodology for analyzing this type of machine (CPSM). The results of the work at this stage are presented in Figure 4 . After that, in the RMxprt mode, the calculation of the BLDC with a tangential inductor begins. In this case, all the dimensions of the stator and the data of its winding are similar to the previous version. The magnetic flux of the analog machine with the internal diameter is selected to be equal to the magnetic flux of the CPSM.
The results of the analysis of this stage are shown in Figure 5 . After that, in the RMxprt mode, the calculation of the BLDC with a tangential inductor begins. In this case, all the dimensions of the stator and the data of its winding are similar to the previous version. The magnetic flux of the analog machine with the internal diameter is selected to be equal to the magnetic flux of the CPSM.
The results of the analysis of this stage are shown in Figure 5 . The next step in the analysis is to transform a BLDC into a flat two-dimensional model for finite element magnetic field analysis. This model is an exact copy of the CPSM. It has the same anchor and magnetic fluxes. Analysis of the characteristics is carried out using a simulator of the electronic circuit (Ansys Citrix Circuit). The results of the analysis of this stage are shown in Figure 6 . The next step in the analysis is to transform a BLDC into a flat two-dimensional model for finite element magnetic field analysis. This model is an exact copy of the CPSM. It has the same anchor and magnetic fluxes. Analysis of the characteristics is carried out using a simulator of the electronic circuit (Ansys Citrix Circuit). The results of the analysis of this stage are shown in Figure 6 . The next step in the analysis is to transform a BLDC into a flat two-dimensional model for finite element magnetic field analysis. This model is an exact copy of the CPSM. It has the same anchor and magnetic fluxes. Analysis of the characteristics is carried out using a simulator of the electronic circuit (Ansys Citrix Circuit). The results of the analysis of this stage are shown in Figure 6 . According to the calculated curve of the CPSM, it is clear that the characteristics of the analyzed motor and the analog motor are close and within the calculation error, but the calculation of the main characteristics is from 8 to 15 h. Thus, synthesis and multistage analysis of electric machines with claw-poles is carried out.
Discussion
Currently, there are powerful CAD systems for the analysis of electrical machines, which have the ability to accurately calculate their parameters and characteristics.
It should be considered that these systems place very high demands on computers for performance and RAM. The engineer does not always have such opportunities. One of the problems is waiting for the calculation results for a long time for complex magnetic systems, if it is necessary to consider a large number of options. During the development of this design system, settlement work was almost stopped for this reason.
Practice shows that there is not always a need to complicate the computational model. Very often it is possible to analyze plane problems instead of three-dimensional ones with sufficient accuracy. The presented design system is developed in this logical scheme. After the stage of synthesis, where the optimization was carried out on a simplified model for the equivalent circuit, the task proceeds to the next stage of the analysis in the Ansys software environment. Then, firstly, the plane problem of calculating the magnetic field is solved step by step, and then the three-dimensional problem of calculating the magnetic field. The maximum differences in the main parameters (efficiency, torque, speed, magnetic fluxes induced by EMF) are presented below: -the difference between the calculated parameters in the program Delphi and RMxprt for the CPSM ranged from 5 to 9%; -the difference between the results of RMxprt for CPSM and the results of RMxprt for the BLDC with tangential magnets was 3-5%; -the difference between the results of the design mode Maxwell 2D for the BLDC with tangential magnets and the results of Maxwell 3D design for a CPSM was 5-7%; -the difference between the results of the synthesis stage for the CPSM and the results of Maxwell 3D Design of the CPSM amounted to 9-12%.
This accuracy of calculation for such a complex magnetic system, such as CPSM, should be considered good. According to the calculated curve of the CPSM, it is clear that the characteristics of the analyzed motor and the analog motor are close and within the calculation error, but the calculation of the main characteristics is from 8 to 15 h. Thus, synthesis and multistage analysis of electric machines with claw-poles is carried out.
Conclusions

Discussion
This accuracy of calculation for such a complex magnetic system, such as CPSM, should be considered good.
Conclusions
Powerful machines with large dimensions and permanent magnets are not widely used in the world. This is due to the complex technology of stator and rotor assembly. Complex equipment is required to compensate for the large one-way magnetic attraction of the stator and rotor during assembly. The cost of this equipment can be several times higher than the cost of the motor itself. The article proposes a solution to this problem through the use of CPSM design. Motors with large sizes can be assembled without special equipment. This decision was applied in the development of the motor with rated output power 2.75 MW, rated voltage 6 kV DC, rated speed 35 rpm for the pilger mill.
For the design of this motor, a special design system was developed, which includes a synthesis system and an analysis system. The synthesis system determines the optimal motor geometry, and the analysis system tests all basic parameters and characteristics using the well-tested program Ansys Electronics Desktop based on finite element method. This program has one feature. It calculates the parameters very accurately, but it requires very large computer resources. The problem becomes much more complicated if you have to solve the three-dimensional task of calculating the magnetic field. The calculation time of one variant can be several hours. The task becomes practically unsolvable when you need to check several dozen variants for debugging.
The article proposes an original method of solving this problem. A real motor that has no flat symmetry is replaced by a twin motor that has flat symmetry. The task is greatly simplified. The calculation time is a few minutes. This model can be used to debug and refine all sizes. At the final design stage, the user can go back to the real three-dimensional model and spend a few hours for the testing calculation, but this is only once.
The conception has shown its effectiveness on a real project to develop a drive for pilger mill for the manufacture of seamless pipes. The authors believe that this approach can be effective in the development of design systems for other types of electrical machines and drivers [24] [25] [26] [27] [28] [29] [30] [31] [32] .
